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Thfs report describes the act ivi t ies  and results t o  date of a series of experi- 

ments which were undertaken by the Cornell University Center for  Radiophysics and 

sphice Research under the direction of Prof. Ta Cold, Director of the Center, and 

sponsored by grants fropn the General. Motors Corporation and National Aeronautics 

and Space Administration. In  the first 

section is presented a brief" summary of the contents of recently-publiskd papers 

which pertain t o  the nature of the lunar surface. 

be dram from this l i terature  survey are also presented, although these conclu- 

sions are by no m e a n s  unique or exclusive, 

demrfbes the experimental apparatus which has been bu i l t  or purchased. 

of the experiments and the prelimill9sy results which b v e  been obtained t o  date 

follows 0 

II. 

The report is divided into I x o  sections, 

Certain conclusions which may 

The second section of the report 

A summsry 

CONCLUSIONS R B W D I N G  THE iWl!URE OF "HE ILlNAR SURFm 

The following 1s a very brief aummaqy of data gathered i n  a survey of recent 

Most of the data was papers and some conslusions which can be deduced therefrom. 

compiled by H u g h  VanHorn, a graduate student in the Space Research Center, 

section is not intended t o  be complete. 

c e r n f a  the moon see reference 1, 

This 

For an advanced general reference con- 

A, Introduction 

The general conditions obtaining on the moon are well-known. Our natural 

BatelUte i s  a smaller world than the earth, with a surface gravity about one-sixth 

that of the earth, 

measure th i s  quaacity gave an upper l imit  of 6 x 10- It is  

no% belie- tp poeaess a magnetic field,  although the absence of such a f i e ld  

Its atmosphere is  undetectably s m a l l ;  a recent attempt t o  
13 

atmosphere8 (21, - 
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I has not been completely verified. Since there is no atmosphere or magnetic f i e ld  

t o  protect it, the surface of the moon has most certainly been influenced by 
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The low value for  Is implies that the surface consists of a layer of material 

of considerable depth in a very low state of canpction. 

have measured the dielectr ic  constants of a nuniber of rocks i n  various forms. 

Fran their data one can infer that in  order t o  obtain such a low dielectr ic  con- 

stant the average density o f t h e  minerals in the layer must be of the order of 

1/20 of that of sol id  rock. 

Brunschwig e t  al (14) - 

The depth of this loose layer is unknown. If Senior and Siegel's value for  

Q is taken seriausly one obtains a skin depth fo r  radar wavelengths of the order 

of 4 = (2/pw) 

t ha t  the layer is probably at leas t  several wavelengths (e. g., several meters) 

1/2 
IV 15 m. Even without using this conductivity one can infer 

thick, for if  the layer were substantially thinner the radar pylges would be 

returned fraan the solid underlying rock. 

It is also of interest  t o  note that this conductivity is a couple orders of 

magnitude higher than that of most plutonic rock (15). - However, i f  the layer 

consisted of material which had been subjected t o  a considerable dose of 

ionizating radiation the e lec t r ica l  conductivity would be considerably increased 

over its natural value. 

C. Thermal anission Data 

Thermal blackbody radiation from the moon has been measured i n  the near 

infrared (8-14~) (16-ig), -- and at  radio wavelengths between about 1.5 mm and 75 cm 

(2Q-m -- 
I n  the infrared the surface heats up and cools off extremely rapidly with 

any change in  the incident solar radiation, as during an eclipse. 

that the upper layers of the surface are poor conductors of heat. 

analysis of Petit end Nicholson's data Wesselink (34) - has  concluded that the 

material comprising the topmost layers has K C -10- ca l  -a -set- -deg- , 
where K = thermal conductivity, p = density, and C = heat capacity per gram. 

This -lies 

Ran an 

6 2 -  4 1 2 
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The only materials with such low thermal constants are dust i n  vacuum and possibly 

also foams. 

The emissivity of the surface is close t o  unity; since the emissivity of most 

rocks is around 1/2 (1)) this Implies that on a scale of infrared wavelengths 

(1%) the surface i6 extremely rough with many cavities. 

There appear6 t o  be l i t t l e  difference i n  the thermal behavior of maria and 

highlanas, indicating that  both types of surfaces are covsred w i t h  a similar 

lneulrrting mer. The exception t o  this  statement i s  Tycho and a few other new- 

looking craters. 

eurrounUings, Implying that the ineulating layer is thinner there. 

cludes that his observations are consistent with a layer of dust 0.3 mm thick 

These areas do not heat up and cool off as rapidly as the i r  

Sinton con- 

over solid rock i n  weas in  Tycho buq that the layer i s  much thicker elsewhere. 

W h i l e  infrared radiation can monitor only the uppermost layers, radio wave- 

lengths can “see” below the surface. The equivalent black body temperature of 

the  moon as deduced from the radio-thermal measurements consists of a conatant 

caaponent and a time-varying component. 

measured by most of the observers is between 20O0K and 250 K. 

The constant component of temperature 
0 The amplitude of 

the varying canponent decreases with increasing wavelength and i t s  phase lqp 

the lunar pbsse by an angle which increasos with wavelength. 

There bsve been a few attempts t o  c a l c u e t e  the ver t ica l  temperature profile 

undm the lunar surfsce using the thermal-emission data (26 35). 

model for the nrofile of t@ form 

U s u a l l y  a -’ - 

-m 
T (x,t)  = Tc t T e 00s (& t t aoC) 

V T 

i s  assumed, where x is the depth under the surface, t is  the tima (t = 0 a t  full 

moon), T = one month, and T c, Tv, and QI are parameters which are determined by 

mStching the model $0 tb data. The thermal scale height l/@ found i n  t h i s  manner 

I 
I 
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is of the order of 10-30 em. However, not too much importance should be attached 

t o  this model since it assumes that the thernal and e lec t r ica l  constants of the 

lunar surface K, , C, k and u are independent of depth and temperature. This 

assumption will not hold i f  the canposition or density changes with depth or i f  

appreciable heat is conducted by radiation, in which case K is proportional t o  

the cube of the temperature. 

for  a model consisting of solid rock overlain with a thin layer of dust. 

P - 

Jaeger and Harper (33) have emphasized the need - 

D. Reflected Sunlight 

Sunlight i n  the near ultra-violet and visible reflected from the 

surface of the moon has been measured i n  many ways, and numerous attempts have 

been made t o  match the lunar reflection characteristics with t e r r e s t r i a l  materials. 

The lack of success i n  this last endeavour has been conspicuous. 

Stair and Johnston (36) found two absorption bands i n  the ultra-violet 

spectrum and felt  that t h i s  indicated the presence of powdered glassy silicates 

and traces of iron on the lunar surface. 

where the relative brightness was different in visible and W. 

- 

Wood (37) found m a ~ y  areas on the moon - 
He thought that 

sulfur-bearing minerals might be present. 

In the visible, the moon has an extremely low albedo of the order of 746 for  

the maria and 14s for  the highlands. 

ence in appearance between the maria and the highlands (38). - 
Ekcept fo r  albedo there i s  l i t t l e  dlffer- 

Indeed, the moon 

seem to sf lect  +A= sFct,lrc. of tae ~mlight uerj l i t t le .  

The unique light-reflecting properties of the moon may furnish an important 

The intensity of reflected sunlight as clue to the nature of the lunar surface. 

a function of the angles t o  the normal t o  the surface of observation and illumina- 

t ion  have been measured by Bennet (39) and V a n  Diggelen (40) .  - 
be l i t t l e  difference i n  the reflecting properties of various portions of the 

surface of the moon. 

the measured reflection l a w s  using a wide variety of te r res t r ia lmater ia l s ,  as did 

There appears t o  - 

These investigators attempted without success t o  duplicate 
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Sytinskaya (41) - and Barabashov and Chekirda (42). - 
rocks i n  their natural state,  after i r radiat ion with photons and protons, a f te r  

melting i n  air and i n  vacuum, and af'ter pulverizing in to  grains of various sizes. 

!Rae material must closely matching the lunar surface was found by Van Diggelen 

t o  be a species of lichen. 

and branching. 

been drilled, and which one would expect m i g h t  duplicate the appearance of rock 

bombarclad by micrometeoritee, gave a poor f i t  t o  the lunar data. 

The l a t t e r  authors studied 

The lichen has a structure which is rough, scraggly 

A ourface coneisting of a f lat  plate  i n  which many t iny  p i t s  had 

The f ac t  that the full moon is of' equal brightness a l l  across i t s  face 

lnblcater that the lunar ourface is very rough on a scale of the wavelength o f  

vlr lblo lI&t (01 a)* 
that tho moon l r  rmooth on a male of tenr of centlmeterr, 

Inforrod that tho rurfaor material ham a mlcrortructure with a malo ronowhore 

Thio l o  In contraot with the radar data which impller 

Thur it can br 

between 4 ur8 1 OBI* 
The mount by whloh tho moon polrr leor  tho runlight rofloctrd f rom It ha6 

B w n  marweb by Qwt (a), Dellf~ (44, - 9) a d  Wright (g), A l l  =oar on the 
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E Msrmssion 

-om the preceding summary of neasurements relating t o  the ce 

it appears tbt the outer portions of the moon consist'of a surface Layer of 

extremely 

or  soli&Q campressed powder. 

chemicail c w o s i t i o n  and distributi 

nature, depth and distribution of %he loose layer. 

- 
density under& by a denser materi 

W o  probf-km are of lmediate Inizrest, the 

At bIbe t b e  it -8 thought that there VSB bedrock of two types. The maria 

were supposed t o  be lavs flm of darker-colored basic rock while the highhnde 

were lighter-colored acidic ruck. 

it is nut necessarily true. 

with sane sort of s o i l  and any difference i n  appearance ma;y wel l  be due t o  

differences b the soil rather thsn in the underlying rock. 

doubts about the existence of lava flm on the moon. 

that t k  moon m y  never have h ~ d  a molten k t e r i o r  (I). 

Although this supposition is certainly possible, 

Both the maria and the highlands appear t o  be covered 

Besides, there are 

There are memy indications 

It has been proposed that - 
the lava was created by the heat generated by the great meteor coulsions which 

gave birthto  certain maria. This possibil i ty also appears doubtful. Studies 
I 

of terrestrial meteor craters (47) show no signs of extensive melting nor of 

causing a break in the ear th 's  cruet through which lava cuuld flaw, even though 

i n  the case of the Vredefort crater i n  South Africa there was enough kinetic 

- 

energy available to do so. 

Clues as t o  the camposition of the  bedrock cane fram three sources. (1) 

Both the earth and the moon may have been accreted froan the same substances, *in 

which case one would e&ct the moon t o  be of similar composition t o  the inter ior  

of the earth; e.g. a basic rock similar in composition t o  chondritic meteorites. 

(2) The chondritic meteorites may be debris l e f t  over a f t e r  the fornation of the 

planets. 

and nickel (1). 

They are an ultrabasic rock similar t o  periicrtite wtth ~ 0 9 1 1 ~  metallic iron 

(3) The stones known 88 teclctites may be material knocked loose - 
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from the moon by meteor coll isions (48). - 
alumina content and very l i t t l e  water. 

These stones have a high s i l i c a  and 

The lunar s o i l  overlying the denser material cannot be sol id  rock because the 

density and thermal constants are too low. 

the surface layer is dust croded from the bedrock by some agency. 

been proposed that the layer consists of hardened foam, "meteoric slag", and of 

whiskers. 

The most l ikely hypothesis i s  that 

It has also 

We wil l  discuss each of these proposals briefly. 

(1) Foam: Firsoff (49) - has suggested that large areas of the moon are 

covered with foam generated when lava carrying large amounts of adsorbed gases 

reached the surface. This hypothesis is  doubtful, however; for while it m i g h t  

be possible that some areas (such as the maria, i f  they are lava flows) are  

covered with foam, it is d i f f i cu l t  t o  see how the foam could be generated over 

the whole lunar surface. 

covered including the mountainous slopes of the highland areas. 

Yet it would be necessary t o  have almost the en t i re  moon 

(2) Meteoric slag: Sytinskaya (41) - has proposed that the lunar surface 
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(3) Whiskers: It has been suggeszed that the man in the moon might 

have whiskers of mineral crystals (51). 1% f a  well-knom tbt when a crystall ine 

substance fss subhnedfhm a tenuous atmosphere of its awn vapor the crystals tend 

t o  form long thin needles or whiskers,, This atmosphere of rock vapor might 

result  Fpm the sputtex%ng of molecules from t-he lunar surface by the solar 

pro%ans, or it could also be produced in  the collisioae of mLcrameteorites with 

%he lunar surface, 

- 

A second mechanism for gpow5ng whiskers might a l so  be due to the irradiation 

Under ionic bLnbsrdment f~ has been f m 3  (52) that surface by the solar  plasm%. - 
azom of the target material tend ta rmgrate extensively and conglomerate around 

surface defects. In same cases whiskers have been observed t o  start f r m t h e s e  

defects. The whiskers are around 1% m dfameter, 

A whiskery surface would be. extremely rough on the scale of I+I but would 

appear quite smooth on the scale of several centimeters, Whiskers could &raw out 

sfdewaye from hills and craterest  va1I.s t o  fill in depressions, and the resulting 

structure would be of low average density. 

of zaxructure coula 5 0 w  whisker upon whisker t o  8 depth of several meters, as 

required by the radio evidence except by %he eontinuM influx of fresh meteoric 

m t e r i a l ,  

stmctxre fo r  all areas of the lunar surface. 

for  the different albedo of t h e  maria and the mountainous highlands, since 

neither composition nor surface treatment would have been,different. 

It is di f f icu l t  t o  see how this sor t  

lFhis however would produce a completely uniform composition and 

This leaves then no way of accounting 

(4) Dust: A &sty surface could be created by material eroded from 

%ne bedrock by various agencies, of" which meteoric impact is probably the most 

important. 

from an analysis of Pe t i t  and Nicholson's data Wesselinls (34) has estimated that 

an u m r  E m i t  t o  the particle size is 2oqr. 

The s i z e  of the dust particles composing the layer is unknown, although 

- 
The t e r r e s t r i a l  experunents on 
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hypervelocity impact (50) - Indicate that a good deal of small sol id  debris is 

ejected from the surface by the collision. For micrometeorites of the order of 

lop or  less i n  size (53) - most of the debris would be of the order of 4 or less 

i n  diameter. The dust would probably clump together due t o  e lectrostat ic  effects 

t o  form objects which are  large compared w i t h  4 and which could give a rough 

surface on a scale of vis ible  and infrared wavelengths. 

Rock powders in  vacuum seem t o  have the right thermal values (54). - If the 

surface layer coneists of rock powder then we may estimate the thermal constants 

of the dust as follows. 

is  of the order of 1 x 10- 

implies that the rock is in an uncompacted form with density approximately 1/20 

that of solicl rock. 

(14). - 
3 x 10' cal/cm/deg. If the model for  the ver t ical  temperature prof i le  described 

previously is valid, these values for  the thermal constants give a ver t ica l  thermal 

scale height l/S of l /S = (1113 C/TK) 

r c  Wesselink's analysis indicates that the product K 
6 

cgs units, whereas the work of Brunschwig -- e t  a1 (14) - 

Most rocks have C *v 0.2 cal/gm/deg (z) and(3 (v 3 gm/cc 

Reducing the density by 20 gives p C N .03 cal/cc/deg. Hence K N 

5 

1/2 
A) 30 cm. 

The light-reflecting properties of pulverized rock have been investigated 

However by various persons but the agreement with those of the moon was poor. 

dust deposited under high-vacuum conditions has not been studied a t  al l .  

expects 'a - pr lo i  that  the appearance of such a surface will be considerably 

One 

different  fram air-deposited dust. Tiny par t ic les  in air have surface layers 

of adsorbed air and oxides which can ac t  as a lubricant and allav the dust grains 

t o  ellib over one another and thus to ccanpsct more tightly, 

vacuum with no adsorbed surface layers between them, two par t ic les  may tend t o  

weld wherever they touch. 

structures of low density. 

adhesion the dust may be able t o  cling t o  very steep slopes, such as the sides 

But i n  a hard 

Hence vacuum-deposited dust may form very loose, open 

Also, because of this high possible cohesion and 

I nf the famous Straight Wall. 
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&am sa t e l l i t e  measurements (53) it may be estfmected t h a t  the flux of - 
6 

diameter micrometeorites in space a t  1 A U  frm the rmn is of the order of 10- 

cm- /sec. 

eo deposit a layer several meters thick. 

create several times i ts  own volume i n  dust. 

surface 

Each impacting par t ic le  w i l l  probably 

2 9 Hence in 10 years enough mterial has impacted on the 

The actual existence of such a thick layer depends on whether or  n 

dust can be transported away Prom large areas i n  order t o  

the micrometeorites. 

Boon be covered with a sh ie ldhg  layer of debris and the only effect of succeeding 

impacts w o u l d  be t o  stir up the dust a l i t t le,  

would be sufficient t o  shield the rock from further erosion. However, i f  the 

dust can be transported away from high areas as fast, as it is formed then the 

highlands w o u l d  be constantly undergoing slow erosfon and the low areas filling 

up with eroded-material, possibly t o  depths of several kilometers, 

se fresh rock t o  

If no tramsport mechanism exist then the bedrock would 

Oniy a f e w  centimeters of dust 

Another erosion mechanism for producing fine dust may be due t o  the solar 

proton bombardment. 

irradiation could create dust from solid rocks. 

ha% already been discussed, 

There are a t  least  three plausible ways i n  which this 

(1) The forplation of whiskers 

These whiskers would be rather fragile and could 

easi ly  be broken off by flying debris frm the micrameteoritic collisions. 

N a t u r a l  rocks are often polycrystalline mixtures of minerals of varying hardness. 

The plasma might preferentially erode one mineral by 6put;tering or chemical 

change, thus freeing the more resistant variety in the form of smal l  crystals. 

(3) 

protons &re brougfitto r e s t  a short distance below the surface. 

el-eate dfslocations and themselves become foreigh i n t e r s t i t i a l  atoms in the 

CrYStXimne l a t t i c e  when they pfck up an electron. 

able impurity concentration of hydrogen would bebuilt up under the surface. 

(2) 

The protons have only a short range in rocks - l ess  than 4. Thus a l l  

In stopping they 

@ 
After a short "i.ime' an appreci- 

For 



instance, in less than a year the concentration of atomic hydrogen in the upper 

micron of the surface would be of the order of one percent by number. These 

radiation damage effects could change the mechanical properties, such as the 

1attice.spacing or thermal expansion coefficients, sufficiently to cause the 

irradiated portion of the crystal to pull away from the underlying parts and 

eventually to flake off in chips of thickness less than a micron. 

The lunar surface is certainly being eroded by sputtering induced by the 
- 9  

protons. 

Since the sputtered atams are emitted with energies of the order of electron 

volts they have velocities of the same order as the velocity of escape from the 

lunar surface; hence much of the sputtered material has been lost from the noon. 

In 10 years a layer several meters thick may have been sputtered away. 

The thicknee8 of the dust layer and evenness of the mrface inferred f r o m  

the rsdsr measurements implies the existence of one or more erosion and trans- 

port rnechanismrr which erode the dust from high surfaces and carry it to depressiont3. 

A t  least three rnechanirms have been proposed. 

(1) It has been suggested (1) - that the dust particles may be caused 

to dastca downkill by vibrations aeeociate8 with the micrometeorite impacts. 

These B B I ~  t e  be no bots available on whethor approciable quantities o f  duat 

aeuJA bg traneporfob In thio manner, 
- 

( a )  Oolri (g) ha# euggarted tranrport by electrootatic sffeeto. 

beoauee o f  astoe- eleutron ombierion from the durt due t o  ultra-violet; and 

pro%a %~n%i%Liakl@n rddaeent dust particle8 could aoguire high onouah e1eeW.a 

e b q p e  %e LwiWx~ agahet %he moonfa gravity and glireado damr rlaper. Thia 



(3) Several persons have tmggeeted that the extreme thermal varfkv$icms 

on the 

port the dust downhill by thermal v i &  and cont&tion, 

involved sre too mnall t o  cause break-up of the rock beyond a sflle of centimeten, 

and duet transport by thie meane appear6 t o  be far too slow t o  account $'or the 

p r o m l e  &t of erosia. 

All be sufficient both t o  break up rocks into fine aut esd trans- 

!Be thermal forces 

- 
A l l  of them ~08tule4ted transport mechanigJmg ~ 1 9 8 ~  %bat the &u& particLee 

together. 

meteorite bcdardamnt will ~ U B Q  ahrmlcal -B ia the outer byerr 05 tha 

Indeed UhlppfR thinlrr that the effect of the plrrapla anb micro- 

In e\rmmary, w h i l e  other posseibilftias cannot b~ excluder&, the obseroa- 

tionas indicate that the luncrp surface consists of a layer of d u t  which b m  been 

eroded away fzwn the demer Upaerlyins material, 

type of rock eimflar in caqpoeition t o  c h a d r l t i c  meteorites, 

This material f6 prabably a 

%be mdar bta 

. 

3 ~ p l l e e  thst the duet layer l r  quite thick, at least in places, 

the exirrtaace 

t o  the lcftrlcurds, learviag a l q e r  only a few centbetere  or q i u i p l d t a r B  Wok on 

the hlghlmde but many mbters in depth i n  the marla and l a  the bottome of o l b r  

craters. 

Tbils implies 

8 tmpol.t  laaahanisrm which move8 the aust fhan  the Afnher area$ 

. 1' i. 

Thir hypothesir 18 rugported by the recent radio-thermal irnrerti(pt1cprs 
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may be bu i l t  up from tiny dust grains welded together a t  a few points and i n  an 

extremely loose state of compaction. 

not be capable of supporting large bearing pressures. 

Hence the surface i n  the lower areas may 

111. MpERIm RELATING TO THE LUNAR SURFACE 

A. Introduction 

A number of questions presented themselves during the preceding dis- 

cussion, many of which can be answered by experiments i n  t e r r e s t r i a l  laboratories. 

The Cornell University Center for  Radiophysics and Space Research has undertaken 

a series of experiments intended t o  find answers t o  some of these questions. 

1. Propoerties of vacuum-deposited dust, such as i t s  density, 

compressibility, cohesion and internal  f r ic t ion.  

2. Erosion of lunar-type rocks by solar  radiation, Studies of ra tes  

of formation of dust and sputtering by protons of energies around 10 kev. 

3. Transport of dust by e lec t ros ta t ic  effects.  Study of the e f fec ts  

of 10 kev protons and ultra-violet  radiation on surfaces of small par t ic les  of 

dust. 

when bombarded by protons, electrons and electromagnetic radiation. 

Measurement of the secondary electron emission coefficients from minerals 

4. Photometric Studies. Measurements of the intensity and polarization 

of vis ible  l ight  reflected from various surfaces as a function of the angles of 

incidence and observation, and attempts t o  duplicate the ref lect ing properties 

of the lunar surface. 

B. Apparatus 

1. Ultra-high vacuum system. 

the elimination o f t h e  effects  of the par t ic les '  previous history i n  the 

t e r r e s t r i a l  atmosphere. 

adhesive properties of the dust grains, it is  necessary t o  reduce them as much 

as possible i n  order t o  simulate lunar conditions. 

out of the experimental apparatus and operation of the vacuum system at  10- mm 

Hg (\r less  are required t o  eliminate these effects .  

The experiments on the rock dust require 

Since the surface films of adsorbed gases change the 

It has been found that bake- 
0 
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A high vacuum systemw was set up t o  permit experimentation at the low 

p r e s s ~ r e ~  required. The vacuum c m e r  is  a stainless steel  bell jar 18'' i n  

d i e t e r  and 24" high. Two observation ports are located near the top of the 

chamber. The jar can be enclosed by a f'urnace and the jar and i t s  contents 

baked out a t  a controlled temperature. The system is actually two vacuum 

chambers: the ultra-high vacuum v o l m  i n  the b e l l  jar and an intermediate 

vacuum buffer system located below the jar. A l l  feed throughs, including 

e lec t r ica l ,  mechanical and water, are first brougMthrough the intermediate 

vacuum region t o  minimize the effects  of any possible leaks. 

visions for  20 e lec t r ica l  feed-throughs, 5 rotary-motion feed- throws and one 

two-tube cooling water feed-through. 

which can be removed and the proton gun installed.  

l/sec diffusion pump. 

with l iquid nitrogen f o r  cryogenic pumping. 

able t o  a t t a in  pressures below 1 x 10- 

i n  the 10- 

There are pro- 

A t  the top of the b e l l  jar is  a flange 

The main pump i s  a 1500 

The chamber is also l ined with co i l s  which can be f i l l e d  

The system is guaranteed t o  be 
8 

mm Hg and has been reported t o  operate 
10 

mm range. The ultra-high vacuum system is  shown i n  Figure 1. 

2. Remote Hook. Three of the rotary-motion feed throughs in to  the 

UHV are used t o  drive an arm with three degrees of freedom and terminating i n  

a hook. 

UHV chamber. 

same high-vacuum run. 

This hook can be used t o  manipulate various objects placed inside the 

Thus a nunher of different experiments can be performed during the 

- 

Motors Corporation fo r  the Center's use was bu i l t  by the NRC Corporation of 

R'm, Massachusetts. 

The ultra-high vacuum system which was generously purchased by the'Genera1 
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I .  

Figure 2. Schematic diagram of long-range mlcroscope. 

. 

3* Telemicroecape. The visual inspection of minute de ta i l s  of objects 

and i3uPfaces inside the vacuum chamber is impox%ant. Hence a long range micro- - 
scope has been constructed. The principle of this microscope is as follows 

(see Mgure 2). A high quality achramatic collimating lens C is placed a 

CEate.x~ce eqcsl t~ its ,Sc?cal Length f'rm the surface being examined, so that 

the rays *an objects on the surface are focussed at  infinity.  These light 

rays c m  %hen be looked a t  from any convenient distance w i t h  an ordinary tele- 

scope T focussed at infinity.  

of the telescope is H then an observor at the eyepiece of T sees an image of 

the emfece which is M times as large a8 it would appear if  his eye W e r e  located 

at  the POsitfOn of C. 

With t h i s  arrangement, if the magnifying power 

In our apparatus the telescope i s  a Bausch end Lmb Balscope with a turret 

eyepiece allowing the rnagnif$cation M t o  be conveniently varied between 10 X and 
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and 100 X. The telescope is mounted on a box which f i ts  over one of the port- 

holes i n  the be l l  Jar. 

mirror which reflects light coming aut of the port i n t o  the telescope. 

Between the telescope and the port is a first-surface 

The 

mirror can be t i l ted and rotated so that large portions of the chamber can be 

scanned r i thout  moving the telescope, 

The telemicroscope has two collimating lenses. One is a 24-1/2" focal 

length lens for low-power, large scale viewing which can resolve objects down 

t o  about 1% apart. Thio lens l e  located outside the UHV in  the same box as 

the mirror and talercape. For higher power viewing th i s  lens CM be removed and 

a collimating lenr with shorter f 0 C S l  length equal t o  26 mn wed. 

lenr i s  located bride the vacuum chamber and can be moved by the remota hook 

t o  I, porltion Inmediately above the eurface of interest. 

Thirr second 

In t h i o  way obJectr o f  

r iw  k r r  t h n  one micron can be exunined. 

mlcrorcope l r  rhown in Figure 3. 

The external part o f  the tole- 

4, Proton Ourre The proton gun i r  a modified Penning dirohargo oapable 

. 
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undergoipg an ionizing collisbonwith a neutral atom of gas i n  the tube is 

high. 

potential hill, are rapidly accelerated t o w  one of the cathodes and can be 

extracted through a hole in  the cathode, 

Positive ions created by svch collisions, finding thewelves on a 

During the design of the gun it was realized that creating a small doWnwU8 

axial  electrostatic f ie ld  in the region of the anode should increase the current 

which could be drawn from the gun i n  two ways. 

Btarted downward than upwards and could be extracted f r a t h e  gun If such a 

- 

First, more ionr would bo 

f i e ld  existed. 

gate i n  the region o f t h e  anode and t o  depress the voltage there by r P a C e - C & e  

effects, perhaps t o  the extent of making a shallow potential well for  Ion8 

(2). 
be reduced o r  eliminated by an axial anode field. 

most easily by making the anode a cone instead of a cylinder, 

Secondly, there are indications that electrons tend t o  c v - ,  

Such a well would decrease the extracted ion current, but might polb1Dl;r 

This ffeld could be Cnated 

The whole diecharge can be raised t o  up t o  20 kv above ground. After 

emergirq from tho  hole i n  the  lower cathode the hydrogen iona are M h e r  

accelerated by the lower pole, which i e  held a t  ground potential, and are 

extracted through a hole In the lmr pole. 

All electrodes are of stainless eteel, with the exception of the Rble 
'C 

pieces which a r e  cold-rolled steel, 

$olenoidfa located on either side of the dlecharge tube. 

uniform inside the Uscharge voluma snd CM be varied between sero and about 

800 gauge. 

The &etfc f ield l a  maintained by two 

me f i e l d  I 8  q u t e  

The gun operates on three NJE power euppliea, 0 - 20 kv at 0 - 10 ma9 , 

* 

0 - 5 kv at 0 - 100 ma, and 0 - 32 v at 0 - 10 ampa. 

discharge tube l e  monitored by a Phill ips gaugd. 

the tube by a Oranville-Phillips variable leak. 

The pre66We Inaide the 

Hydrogen 'grr is sdmitted to 

The extraction hole i n  the lower cathode is l/€itq i n  diameter and the cathode 

f 8  supported by glass tubing. Thus the region above this electrode 18 i m h t e d  
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fran the volume below it, except for the hole. Since the impedance t o  gas flow 

of this hole is quite high this arrangement eliminates the need fo r  long tubing 

to achieve large pressure differences between the gun and the region underneath. 

The extracted beam is measured by a Faraday cup 1" i n  diameter and 2'' long 

located several inches below the lower pole. A t  the entrance t o  the cup and 

co-axial with it i s  a tube 1/2" i n  d imeter  and 1" long which can be made 

negative with respect t o  the cup to repel secondary electrons emitted back t o  

the cup. Currents are measured using a Keithley electrometer. 

The extracted ion current has been found t o  be very sensitive t o  the voltages 

applied t o  the various electrodes snd t o  the magnetic field. The ion current 

aadthe aischrrrge will change by a large amount or even go out i f  the field8 

are a& sdjuated carefu l ly .  

the jboa currant i a  quite stsble and Ras been held to within 5$ af a givern velue 

f ~ ; r  72 h w a .  

the diackrgae t u h  

I ;K 10' q. 

Ilowever, once the power ailpglies axe wtrnatd ug 

'phe beam current is roughly proportional t o  the p a  grsrsurt: i n  

~ r g u r e  5 ) .  A typical operating prersura i e  r b o ~ f  
4 
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The proton gun i s  designed t o  be mounted on top of the UHV chamber. An 

Ultevac ion pump w i l l  be used for  different ia l  pumpting. Part of the tube 

isolating the UHV from the gun w i l l  a lso be used as an einzel  lens t o  control 

the width of the proton beam. 

UHV; i t s  purpose w i l l  be t o  spray electrons over the surfaces of insulators 

being bombardedto prevent the i r  charging up t o  high electrostat ic  potentials 

while being irradiated with protons. 

A small electron gun w i l l  be placed inside the 

In the near future the l a t e ra l  distribution of protons across the beam 
+ 

w i l l  be measured and the contamination of other ions besides H w i l l  be 

estimated. 

The proton gun and i t s  associated equipment i s  shown in  Figures 8 and 9. 

5. Photometer. The photometric apparatus used fo r  investigating the 

l ight-reflecting properties of various 'surfaces is based on a design by 

Kalnrus (60). 

source and is  observed by a phototube and narrow band amplifier peaked at the 

modulating frequency. 

The surface being studied i s  illuminated by a modulated l i gh t  - 

Thus t h i s  apparatus can be used i n  a lighted room. 

The l ight source is an ~6 type lamp, the filament of which forms the plate  

load of one sidecfamultivibrator which i s  set t o  run at 20 cps and synched by 

the 60 cps l i ne  frequency. The square wave of current through the lamp causes 

i ts  l ight  output t o  vary approximately sinusoidally. 

box containing condensing and focussing lenses i n  an arrangement similar t o  

that in  a s l ide  projector. 

The lamp is  housed i n  a 

This projector throws an eve& illuminated spot of 

l igh t  about 1/2" i n  diameter on a surface 1' away. 

at  by a lP42 type photk lec t r ic  tube, the output of which is  fed in to  an AC 

The spot of l i gh t  i e  looked 

amplifier. 

20 cps and rejects  120 cps t o  

The amplifier contains a bridged-T RC f i l t e r  network which passes 

eliminate any unwanted signal from the room 

lighting. The output appears as a deflection on an ammeter. 

. 





Fig. 9. Proton Gun Assembly 



A Polaroid can be placed in front of the phototube and r o t a t e d t o  detect 

sny polsrization of l i gh t  produced by the surface. 

si@-suppress feature which allows most of the incaming signal t o  be can- 

celled. 

va rb t ions  in intensity of the signal t o  be read with precision. 

emount of polarization can be easily measured. 

The output meter has a 

The sensi t tvi ty  of the meter can then be increased t o  allow s- 

Thus a snall 

The source and phototube are mounted on arms which can be rotated around 

Thus the angles of a ccxmnon axis passing through the surface being measured. 

incidence and reflection always remain i n  the same plane in this ammgement. 

This corresponds t o  points on the equator on the moon. In  the future a minor 

change w i l l  allow the surface t o  be illuminated and observed obliquely t o  

simulate points off the lunar equator. The apparatus is shown in Figure 10. 

6. Miscellaneous. Other important items are described below. 

Fluur siner: 

various containers i n  vacuo. 

onto which t h e ~ ~ ~ ~ ~ ~ ~ s ~ r ~ ~ ~ ~ r ~ o ~  %%acuating the UIN. 

This is  a device fo r  depositing rock dust in to  

It consists of a box containing several trqs 
m a  After 

evacuation and bakeout the dust is allowed t o  f a l l  in to  a cup which has a screen 

for  t h e ~ ~ v & h & ~ ~ & & ~ ~ e @ f ~ s  cup. 

Vacuum pumping station: Also i n  the laboratory is a Veeco 

S-8 imbfle ~ e c c m  S L Z I E ~ ~  st-gtim, consisting of a 2" diffusion pump with 

forepump, cold trap, valves and gauges. 

the  proton gun. 

It is currently being used t o  test 

In the future it w i l l  be used i n  the measurement of secondary 

emission and sputtering coefficients. 

Liquid nitrogen dewar: Since the UHV uses l iquid nitrogen i n  

rather large .quantities a 200 l i ter  container manufactured by the Ronan and 

Kunzl Co. of Marshall, Michigan, was purchased. 





Shear box: A shear box was constructed fo r  measuring the 

interval f r ic t ion  and cohesion of the dust. 

1/2" deep and 1" i n  diameter; the top half of the box can be moved with 

This is a s p l i t  bax with a cavity 

respect t o  the bottom half and the shear resistance of dust deposited i n  the 

box measured as a function of normal loading. 

The remote hook, part of the flour s i f t e r  and the shear baoc can be seen i n  

place prior t o  lowering the b e l l  jar i n  Figure 11. 

C. Experiments and Results 

The experiments reported here were, with the exception of the photo- 

metric measurements, done i n  the short length of time since a r r iva l  of the 

L W  system and were designed primarily t o  test the apparatus. A l l  results and 

conclusions should therefore be regarded as preliminary and w i l l  undoubtedly be 

modified i n  the future. 

1. Erosion. Two specimens of rock were polished and then irradiated 

by a beam of 9 kv protons, after which they were inspected f o r  evidences of 

possible erosion. 

current density of 36 */ern for  35 hours. 

A disk of mica about .010" thick was bombarded at a proton 
2 

This would be equivalent t o  a 

period of about 5000 years f o r  a rock located on the lunar equator. 

thick disk of olivine-bearing rock f r o m  North Carolina was irradiated at a 

current &nsity 01" uo */an for 72 ~ G Z S ,  ~q-ci-m~eat t~ 3 1 , ~ ~  y e s o  en t& 

moon. 

A 1/1611 

2 

5 
In  both cases the gas  pressure at  the rock was l ess  than l x  10- mm Hg. 

The rock specimens were placed a t  the bottom of the collector cup used pre- 

viously t o  measure the beam current. A heated tungsten filament was also placed 

in  the cup above and t o  one side of the rock t o  supply electrons t o  neutralize 

any surface charge which mlght build up in  the rock. 
- 



Fig. ll. Remote Arrn and Associated merimental  Apparatus 



After irradiation the surfaces were removed and examined microscopically. 

Microphotographs of the two types of rocks are shown in Figures 12-15. Bo 

direct evidence for  the formation of dust was apparent. Sane indirect evidence 

i s  presented below. 

The mica is a mineral containing AI. 0 and Si0 It cleaves easily in to  2 3  2. 
smooth polished planes. Before irradiation the specimen was clear and trans- 

parent. 

specimen but otherwise the surface was unmarked. 

Under the microscope a few cracks could be seen running across the 
- 

After proton bcaibardment the 

upper layer of the irradiated portion was pi t ted  and scarred. 

and was no longer transparent. 

It YBB discolored 

The surface appeared as if  pieces had chipped 

off, althaugh no traces of such chips could be found. The surface exhibited 

interference fringes indicating that a th in  layer had pulled amy fran the 

underlying layers. This could have been due t o  expansion of the l a t t i c e  due t o  
T 

the .foFIDLt.iod of i n t e r a t i t i a l s  and dislocations, as discussed previously. It 

could a l so  have been caused by air trapped between two cleavage planes expan&q 

under the-heat of bolabardment and forcing the uppermost plane axmy f r o a n  the rest 

of the rock,, The irradiated mineral appeared br i t t le  and could easily be 

chipped and removed fra the  surface. The damaged layer 1188 about 5p thick. 

The olivine specimen w a s  a polycrystalline rock c o n t a w  four different 

minerals. Most of the material. was olivine ((Mg, Fej SiOq) in the fom c;f 

transparent greenish crystals about ~ O Q A  i n  d i e t e r  imbedded in a matrix of 

greenish serpentine (a hydrated form of olivine). Running through the stone 

were streaks and blotches of t a l c  (Mgo and Si02) and there were  occasional 

specks of chromite (FeO and Cr 0 ). 

turned a golden color and had los t  sane of their  transparency. 

After bombardment the olivine cryetals had 
2 3  

The Serpentine 

appeared t o  have been eroded away t o  a considerable depth leaving the olivine 

stapding In relief above the surface. It had also turned a dark &sh In 
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color. The t a l c  and chromite seemed unaffected by the bombardment. 

crystals on the surface were s t i l l  t igh t ly  cemented t o  the r e s t  of the rock. 

The olivine 

The preliminary conclusion which can be drawn from t h i s  experiment i s  

that formation of dust by proton bombardment of minerals does not seem 

significant, although these crude experiments should be repeated more 

quantitatively before a def ini te  statement can be made. An upper limit t o  

the erosion r a t e  on the moon of about lp per 1000 Years bY t h i s  mechanism is 

indicated from these irradiations. A t  t h i s  rate an amount of material l ess  

than one meter thick would have been eroded away from the lunar surface In 10 

years. 

9 

The intense beam did however damage the s t e e l  collector cup and the upper 

surface of the anode. 

covered with a layer of extremely fragi le  flakes of dust about 5p thick and 

The irradiated portion of the s t e e l  was par t ia l ly  
- 

10% i n  diameter. 

in to  smaller particles.  

These >lakes were broken by even the most delicate handling 

2. Properties of .vacuum-deposited dust. In  the f irst  stages o f  

experimentation t o  investigate the properties of vacuum-deposited dust an 
_. 

interesting phenomenon appeared. A tube 2" In diameter and whose bottom was  

covered with a coarse mesh screen was f i l l e d  t o  a depth of 2" with dehydrated 

s i l i c a  dust consisting of 1 - 1% s i ze  particles.  The tube rested on a p la te  

which could be removed., A thick wire could then be drawn across the upper 

surface of the screen t o  force powder through the screen. The apparatus was 

placed inside the UHV chamber and the vacuum pumps were turned on, 

As the pressure was slowly reduced the dust could be s e e n t o  outgas. 

Miniature volcanos and geysers of dust were observed. A f t e r  these disturbances 

had Subsided the pressure was reduced t o  about one micron and operation of the  

flour sifter was attempted. When the lower plate  w a s  removed and the dust 
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was disturbed by the w i r e ,  the dust seemed almost t o  explode. 

was expelled violently f’ram the container i n  every direction, showing t h a t  

S i l ica  powder 

same gas or volat i le  constituent haif-remalned trapped between the dust 

grains. Evidently only the supper surface of the powder had ou-t;gassed. This 

phenomenon needs t o  be investigated further; i n  particular, the transmission 

rates of gases through a layer of dust, one surface of which is a vacuum, 

should be measured, and the possible effects of any trapping of gases under 

the lunar surface should be estimated. 

The density, compressibility, cohesion and internal f r ic t ion  of rock 
- 

powders deposited in  air, i n  law vacua, and i n  high vacuum m e r  prolonged 

bakeout will be measured and repgrted i n  the near future. 

3. !j!ransport. Since the tube and flange which will connect the 

proton gun t o  the UHVeae not yet ccmpleted,-ho dust coGd be irradiated t o  

study possible t r a a q o r t  rates. 
- 

The secondary emission measurements have not yet been made. However, same 

indication as t o  the value of the secondary electron emission coefficient for 

protons on m e t a l s  can be estimated frm figure 6. 

with respect t o  the collector cup no secondary electrons could leave the cup 

and the current t o  the cup was 52p a. When V w a s  about 300 v positive with 

When Vs was 22.5 v negative 

8 

respect t o  the cup the current t o  the cup was a maximum, presumably because 

a l l  s e c o m  electrons were attracted away irom the cup. TMS c - m n t  t o  

the mrp was due both t o  the protons and t o  the secondary electrons. The 

collector current at this time was 8% a. Thus the secondary electron yield 

for  4 kv protons on s t e e l  i s  of the order of Y = (86 - 52)/52 = 0.7 electrons 

per proton. 



4. Photometric studies. 

a. Introduction: A setles of photometric measurements of the 

l a w  of l ight reflection from various surfaces has been in i t ia ted  for  the 

purpose of matching the l a w  of reflection from the  lunar surface. It is  

expected that a close match t o  the lunar reflection curve w i l l  provide signi- 

f icant information on the nature and micro-structure of the lunar surface 

layer. 

Several previous investigations have been made along these general lines. 

O f  particular interest  are the experiments of Bennett (39), - of Van Diggelen (&), 

and of Sharonov, e t  a1 (42). Bepnett obtained curves of the reflection from -- - 
some 50 points on the lunar surface and compared h i s  experimental resu l t s  t o  a 

theoretical  model of the surface. This model was of a diffusely reflecting 

plane surface pi t ted with hemi-ellipsoidal cups which re f lec t  l ight  uniformly 

in to  a l l  angles, the amount of light varying direct ly  as the vis ible  portion of 

the illuminated inner surface of the cups. The agreement of t h i s  model w i t h  

the lunar data i s  - as Bennett points out - rather poor. 

Van Diggelen summarized the work of previous;;Lnvestigators and compared 

the i r  data with his own. He found quite good agreement between the data of 

different workers. He also obtained the reflection l a w  from several different 

surfaces: volcanic ash, a surface of glass beads, a f la t  metal p la te  covered 

w i t h  magnesium oxide smoke, a whitened metal plate  partly covered with p i t s  of 

a form proposed by Tschunko, a surface wi th  humps, a metal plate on which 
- -  

caraway seeds were glued, the whole being covered w i t h  magnesium oxide smoke . 
( t o  simulate a stow surface), a surface w i t h  hemi-ellipsoidal holes, and 

the surface of the spongy lichen Cladonia Rangiferina. 

the best agreement wi th  the lunar data fo r  the surface of the lichen. 

Van Diggelen found 

_. 
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sharonov, e t  a1 (42) claims t o  have investigated "thousandst' of different -- - 
surfaces in an attempt t o  match the lunar data, but that none of the surfaces 

he examined provided a particularly good site t o  the data. Appararently much 
- 

of this work is  unpublished so that it is impossible, at present, t o  estbate 

the value of this work. 

b. Experialental procedure and data reduction: The experimental 

d a t a  given i n  this section was taken by Hugh Van Horn and portions of this 

section were written by him. The 20 cps photometer described elsewhere i n  

this report was used t o  obtain the reflection l a w  from various surfaces. This 

preliminary study was aimed at discovering the effects of the structure of the 
- 

surface on the form of the reflection law; consequently l i t t l e  attention WEL~ 

paid t o  other factors such as color, chemical composition,. etc. 

The reflection l a w  frm the surface was measured with the photometer i n  

two positions. 

l igh t  source was varied f i a m  5' with the ver t ical  t o  70' with the ver t ica l  i n  
0 

loo intervals. 

from the vertical) ,  the intensity of reflected l igh t  was measured with the 

light source varying frm -70 

ver t ica l  from the photometer) t o  +TO0 ( l ight  source on the same side of the 

For ver t ical  observation of the surface, the position of the 

For 60' observation of the surface (the photometer s e t  at 60 

0 (light source on the opposite side of the 

ver t ica l  as the photometer). 

A noise figure was obtained after each run by blocking off the l igh t  s m c e  

and reading the meter of the photometer. 

smoking a 1/4" thick glass plate with the white smoke of burning magnesium. 

A standard surface was prepared by 

In order t o  eliminate any effects of non-uniform illumination it was assumed 

that this surface was a m e r t  surface ( i .  e., a perfectly diffusely-reflecting 

surface (b)), and a l l  readings of the photometer were corrected t o  this - 
standard. A l l  surfaces were measured at  leas t  twice. 



It is desirable t o  report the data as "reflected intensity per uni t  

cross-section of reflected beam," as t h i s  provides immediate comparison with 

the lunar data; hence the photometric measurements were multiplied by the 

cosine of the angle of incidence of the l ight.  This correction made the 

graphs of the reflection l a w s  of the various samples direct ly  comparable 

with the l a w  of reflection from the moon. 

c. Theoretical considerations: It has been suggested that  

the surface layer of the moon may have one of the following forms: 

( i i )  foam, ( i i i )  volcanic glass, or  ( iv)  whiskers, 

effects  of these s t ructural  forms on the reflection law,  surfaces were selected 

primarily on the basis of surface structure, and only secondarily on the basis 

of composition. 

reflections from a r t i f i c i a l  surfaces by constructing such surfaces 88 a w i r e  

screen suspended above a metal plate, the whole being smoked with magnesium 

( i )  dust, 

In order t o  check the 

We have extended the work of Bennett and Van Diggelen on the 

oxide, a surface consisting of s t ra ight  pins standing ver t ical ly  and enmeshed 

i n  a mat of glass wool, the result ing structure being coated with magnesium 

oxide smoke, and a plane surface cut from a block of styrofoam. 

The surfaces fo r  which reflection l a w s  were obtained may be grouped i n  
- 

the following categories: 

Category I: "Art i f ical  surfaces" designed t o  tes t  the effect  of 

overhangs, ver t ical  w a l l s ,  etc. on the ref lect ion law.  

Category 11: 

degrees of packing and par t ic le  s i ze .  

Needle-like or  whisker-like surfaces of various 

Category 111: Compacted surfaces of s i 0  powders of varying par t ic le  
2 

size t o  test  the effect  of par t ic le  s ize  on the reflection l a w s .  

Category IV: 

Category V: 

Fibrous surfaces of various fineness and composition. 

Miscellaneous rock powders and chemical compounds. 
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d. Photantetric observations: The reflection curves of various 

. 

selected surfaces together with photographs of these surfaces are given i n  

Figures 16-21. 

observation of the surface, w h i l e  the graph on the right-hand side is for  

observation of the surface at  60 frm the vertical. 

angles of illumination recorded as negative are those for which the l igh t  

source is on the opposite side of the normal t o  the surface from the observer. 

The graph on the left-hand side of each figure is  for  ver t ical  

0 
In  the latter graph, the 

On the same scales, the Lambert reflection Law (dotted l ines)  and the 

reflection l a w  for a comparable point on the lunar surface as given by Van 

Diggelen (40) - (dashed l ines)  are plotted. 

the experimental data. 

The circles  and solid curves are 

The strong "bright shadow" effect observed on the moon is clearly evident 
- 

i n  the curves for  both angles of observation. This effect  arises i n  the 

following manner: 

In  an intricately structured surface with many overhangs, illumination 

of the surface f r o m  any angle w i l l  cast shadows of the overhanging parts onto 

the underlying areas. Only when the angles of illumination and observation 

are the same (so that the observer is  looking parallel t o  the incident beam 

of l igh t )  K i l l  the shadows be unseen; any angular separation of the l igh t  

s~mce mii observer w i l l  allow some portion of unilluminated surface t o  be 

seen. 

is para l le l  t o  the incident beam, independently of the angle between the l igh t  

source or observer and the surface. The surface w i l l  appear darker for  any 

Consequently, the surface will appear brightest when the l ine of sight 

other angular relation between the source and observer with the amount of 

darkening increasing with increasing angular separation. 

It is important t o  note t h a t  the strong "bright shadow" effect as 

described above can only be demonstrated by surfaces with overhang; non- 
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overhanging structures cannot duplicate t h i s  effect ,  no matter how rough". 

they may be, Thus, for  example, a cratered surface - which of course has no 

overhangs - is  clear ly  insufficient t o  account for  the observed strong effect .  

I n  general it was found that most of the surfaces used provided a much 

be t te r  match t o  the Lambert ref lect ion l a w  than t o  the lunar data. Since 

these surfaces were selected fo r  experiment on the basis of differ ing surface 

structure, they provide clear  evidence that the surface layer of the moon 

cannot be duplicated by minor variations i n  construction. 

t o  have a structure of the most i n t r i ca t e  so r t  i n  order t o  match the lunar 

Indeed it is  necessflry 

curves 

The experiments also prjinted out that a second factor  of great importance 

is the color o r  albedo of the individual par t ic les  of the surface. I n  f a c t  

there were cases i n  which color appeared t o  be more important than s t ructure  

i n  determining the l a w  of reflection, This behavior i s  t o  be expected, however, 

for  i n  order t o  obtain a "bright shadow" ef fec t  of the magnitude of t h a t  

observed on the moon it I s  not enough t o  require overhangs. One must a l s o  

haw extremely dark shadows cast ,  This of course implies that multiple 

ref lect ions a r e  unimportant compared with s ingle  ones, which w i l l  be t rue  fo r  

materials of low albedo" This would apply t o  the case of the moon. 

A t h i rd  resul t  of the experiments was an indication t h a t  the absolute 

scale of s i z e  of the surface r e l i e f  has very l i t t l e  e f f ec t  on the re f lec t ion  

c 

l a w .  Some effect  cer ta inly i s  present, however, as w a s  indicated by the f a c t  

t ha t  the best  

s ize  (this is  i n  agreement with the .06 mm s i z e  obtained by Barbaskev and 

Chekirda), 

worse as the par t ic le  s ize  decreased. 

t o  a Lambert l a w  was obtained fo r  Si0 pa r t i c l e s  of .,O5 mm 
2 

Smaller pa r t i c l e s  gave a s l igh t ly  worse f i t ,  the agreement becbming 

These r e s u l t s  a r e  probably caused by 

diffract ion effects ,  which appear not t o  occur t o  any signif icant  degree on 

the mooq. 



e. Conclusions: On the basis of these experiments, we are 

led t o  suppose that the lunar surface mst have an extremely intr icate  structure 

which makes for  a substantial amount of shadowing. 

bizarre structure is  camposed must be intr insical ly  quite dark and the scale 

The material of which this 
- 

of the  i r regular i t ies  must be large enough so that diffraction effects do 

not destroy shadows. The characteristic scale for  these surface features 

must thus . l ie  betw$en several microns and several .centimeter&, A o  :occur both- . 

xLth,4&e oHica l  and the muiar evidence. 

.. 

. .  . . .  . . .  . .  . 

The .only surfaces which are l ikely t o  be able t o  assume such forme are 

whiskery, crystalline surfaces, dark foems, and dust deposited i n  vacuum under 

low gravity. 

surface on any scale whatever can possibly duplicate the strong observed "bright 

In any event, it is certain that no amount of cratering of the 

shadow" effect. 

The work under way now is intended t o  find aut whether vacuwn-deposited 

dust can make a surface of porous, fragile structures as seems t o  be required. 

Also the properties of dark foams and slags will be investigated. .. 

The photometer will a l so  be used t o  study the reflection polarization 

effects, and t o  find the materials that match the lunar surface i n  this respect. 

A surface structure of roughness on a scale comparable with the wavelength of 

light is required fo r  this. The canbination of these properties will narrow 

dawn still further the range of surrace types that may 3e thmght of =s 

coqposing the lunar surface. 
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